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This application claims priority to provisional patent application Serial No.

60/211,757 filed June 14, 2000, entitled, "Method and Apparatus for Combined

Magnetophoretic and Dielectrophoretic Manipulation of Analyte Mixtures"" by Peter

R.C. Gascoyne, Jody V. Vykoukal, and Frederick F. Becker. The entire text of the

5 above-referenced disclosure, including figures, is specifically incorporated by reference

herein without disclaimer.

The following issued U.S. patents are hereby incorporated by reference: U.S.

Patent Nos. 5,858,192, 5,888,370, 5,993,632, and 5,888,370. The following patent

10 appUcations are hereby incorporated by reference: pending U.S. patent application serial

number 09/249,955 for "Method and apparatus for programmable fluidic processing"

filed February 12, 1999; pending U.S. patent apphcation serial number 09/395,890 for

0 "Method and apparatus for fractionation using generalized dielectrophoresis and field

ii flow fractionation" filed September 14, 1999; provisional patent application Serial No.

m 15 60/211,515 filed June 14, 2000 for "Dielectrically-Engineered Microparticles" filed June

W 14, 2000; provisional U.S, patent apphcation serial number 60/21 1,514 for "Systems and

in methods for cell subpopulation analysis" filed June 14, 2000; and provisional U.S. patent

apphcation serial number 60/21 1 ,516 for "Apparatus and method for fluid injection" filed

m June 14, 2000.

% 20

Field of the Invention

The present invention relates to an apparatus and methods for combined

magnetophoretic and dielectrophoretic manipulation.

25 Background of the Invention

One of the most important capabilities that enables the characterization and

preparation of bio-materials throughout the life sciences is the recognition of target

components in a mixture and the ability to selectively manipulate, interact, and/or isolate

them. Methods known in the art to accomplish these steps include magnetic labeling

30 techniques. In these methods, magnetically-susceptible particles (herein termed

"magnetic labels" or "labels") are used that can be attracted to a magnet and have
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modified surfaces that bind preferentially to target particles, cells, or molecules (herein

termed "target analytes"). The surface characteristics of the labels that provide for

preferential binding can include, but are not restricted to, antibodies, chemically-reactive

groups, and receptor hgands. Such surface-modified magnetically-susceptible labels tend

5 to become attached to target analytes to which they have preferential binding capacities

within a mixture of analytes.

After attachment, the magnetic labels may be collected by an inhomogeneous

magnetic field created by a magnet that is usually equipped with a mechanism for

10 increasing the magnetic field inhomogeneity in the vicinity of the labels. Analytes in the

mixture having negligible magnetic susceptibility and that have not become bound to the

magnetically susceptibility labels to form analyte-label complexes are not collected by

the magnet and can be washed away. Subsequently, the magnetic field can be removed

and the analyte-label complexes can be released and collected in a separate fraction.

15

Thus, by using these differential trapping characteristics, current magnetic

labeling methods allow target analytes to be isolated fi-om a mixture of particles, cells, or

molecules. These magnetic labeling methods can be used to retain the target analytes for

further processing, analysis, or study (known in the art as "positive selection").

20 Alternatively, the analytes that are not retained by the magnetic field may be collected

and used for further processing, analysis, or study (known in the art as "negative

selection"). While the use of magnetic labeling methods is widespread, current methods

have a number of significant disadvantages. For example, because all magnetic labels in

a mixture are attracted to the collection magnet regardless of any differences there may

25 be in their surface modification or binding state with target analytes, it is impossible to

discriminate between, and isolate, multiple target analytes simultaneously. It is also

impossible to determine the extent to which magnetic labels have bound a target analyte

without additional measurement steps after magnetic collection. For example, it is

impossible to distinguish between or isolate cell subpopulations that are characterized by

30 variations in the number of labels bound to their surfaces since all cells that bind labels,

regardless of the number, are collected by current magnetic methods. Finally, current
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methods depend on trapping the magnetic labels on surfaces in a collection chamber or

column and the target analytes tend to be collected in clumps. This typically limits

sample recovery because of adhesion to the chamber or column and may entrap unwanted

unlabelled analytes within the labeled analytes thereby limiting the purity of the

5 recovered target analytes.

A newer approach to the discrimination, manipulation, separation and isolation of

target analytes from a mixture is based on the exploitation of the dielectric properties of

the target analytes themselves or the use of dielectric labeling techniques. In U.S. Patent

10 Nos. 5,993,630 and 5,888,370 which are hereby expressly incorporated herein by

reference, certain of the inventors of the present application teach the use of

dielectrophoretic methods for the discrimination, separation and isolation of particles by

exploiting their intrinsic dielectric properties in conjunction with the characteristics of a

hydrodynamic flow profile.

15

In a concurrently filed provisional patent application concerning dielectric beads

for the identification and sorting of target agents, the inventors teach methods by which

labels that incorporate useful dielectric and magnetic properties may be designed. Such

labels allow target analytes to be discriminated and manipulated by dielectrophoretic

20 methods. By combining magnetic and dielectric properties as useful attributes of the

labels, those methods allow for additional levels of discrimination between both the

labels themselves and analyte-label complexes. For example, the disclosure teaches how

different types of labels may be designed that have distinct "dielectric fingerprints" that

allow for the recognition of the different label types within a "cocktail" of different label

25 types. Because analytes, labels or analyte-label complexes do not have to be trapped in a

column in order to achieve separations in these dielectric methods, they are less

susceptible to entrapping unlabeled analytes within clumps. In addition, all analytes can

be kept away from potentially adherent surfaces during dielectric separations so that

sample recovery efficiency is improved. Nevertheless, the intrinsic dielectric properties

30 of target particles, cells, or molecules, or of their dielectric labels may still not allow for

sufficient discrimination between multiple target analytes in complex mixtures.
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Furthermore, the existing dielectric methods having the most discrimination

between different analytes (termed Dielectrophoretic Field-Flow Fractionation (DEP-FFF

methods) exploit a balance between dielectrophoretic and sedimentation forces on

5 analytes in the sample mixture. Such a balance can only be realized if there is a specific

orientation of the apparatus with respect to a gravitational or centrifugal field. This

precludes or limits the use of the methods for applications in microgravity environments

such as space. The need to attain a balance between dielectrophoretic and sedimentation

forces also places constraints on the relative densities of the suspending medium that

10 carries the analyte mixture and the analytes to be separated. For example, the target

analyte or, in the case of dielectric labeling, the analyte-label complex, must have a

density that is slightly (typically 2-20%) higher than the suspending medium for effective

DEP-FFF separation. Finally, because the sedimentation force acting on a target analyte

or target analyte-label complex is usually small and uniform in space within the

15 separation chamber, it typically takes many minutes for analytes or analyte-label

complexes to reach positions in the dielectric separation apparatus where a balance of

forces occurs.

Thus it is often necessary to allow a sample to sit for some "relaxation time" after

20 it is introduced into a DEP-FFF separator to give analytes time to sediment before

separation steps are initiated. Since this relaxation time is often comparable to the time

taken to complete all of the rest of the separation steps combined, this step significantly

slows the separation procedure and is inconvenient.

25 Summary of the Invention

To overcome these problems in both magnetic and dielectric separation

methodologies, the present invention discloses novel labeling methodology and

manipulation procedures in which target analyte-label complexes are subjected to not

only magnetic but also dielectric forces simultaneously. The use of two externally

30 applied and controllable forces rather than one introduces versatility for manipulation of

25042395 1



the labels and a greatly improved ability to discriminate between analyte-label

complexes.

The methods disclosed herein depend upon positioning target analytes to different

5 heights within a hydrodynamic flow profile. Whereas previous methods achieved such

positioning through the balance of gravitational and dielectrophoretic forces, the present

invention achieves positioning through a balance of dielectric and magnetic forces.

Specifically, disclosed herein is a new apparatus and methods that allow

dielectrophoresis, magnetopheresis and hydrodynamic effects to be exploited

10 simultaneously for the discrimination, manipulation, fractionation, identification and/or

isolation of analytes.

The following objects of the present invention are made possible as a result of this

enhancement. First, the methods of the present invention allow several target analytes to

15 be discriminated and isolated simultaneously in a single separation step. Second, target

analytes do not have to be collected in the separator and, indeed according to the present

invention, can be prevented from contacting any surface to which they may adhere during

separation. This not only greatly reduces the problem of trapping of unwanted analytes

within target analyte fractions, but also improves analyte recovery efficiencies. Third,

20 apparatus according to the present invention can operate in any orientation, as well as in

microgravity environments. Fourth, it is an object of the present invention to obtain

discrimination that is much greater than that obtainable by previous methods. Fifth,

because both the magnetophoretic (MAP) and dielectrophoretic (DEP) force fields used

to position the analyte-label complexes are inhomogeneous in space, the positioning force

25 may be greater than a sedimentation force, thus positioning according to the present

invention can occur quicker than in cases where gravitational sedimentation is used. This

reduces or eliminates the "relaxation time" prior to separation. Sixth, the present

invention introduces improvements that allow bead labeling methodologies to be fully

exploited.

30
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Detailed Description

To fully understand the new methods it is helpful to introduce the key physical

principles that underlie their operation. To accomplish this, dielectrophoretic and

magnetophoretic forces are discussed and shown to vary spatially in the vicinity of arrays

5 of electrodes (as used herein, "electrode" means any electric pathway, for example an

array of conductors) and magnetrodes (as used herein, "magnetrode" means any magnetic

pathway, for example, a strip of paramagnetic material having a high permeability), show

the conditions for these forces to be brought into balance when they act on bodies having

both dielectric and magnetic susceptibilities, and discuss hydrodynamic flow profiles,

10 Exemplary embodiments and applications will then be given.

1) The Dielectrophoretic force, Fdep

Consider a particle (which may include a sohd, cell, virus, bacterium, molecule,

or any other locahzed arrangement of matter that is distinct from and carried within a

15 suspending medium) of volume v and complex permittivity Sp suspended in a medium

of real permittivity s*s and complex permittivity that is subjected to simultaneous

dielectrophoretic (DEP) and magnetophoretic (MAP) forces. What if these forces are

imposed by arrays of electrodes and magnetrodes that give rise to electrical and magnetic

field inhomogeneity distributions? Let us further assume that at a given point in space

20 with coordinates y, z referred to the electrode/magnetrode coordinates frame, the

electric and magnetic fields are E(x,y,z) and H(x,y,z), respectively. (It is to be understood

that the magnetic field may also be generated by an array of permanently magnetic

elements for the purposes of this disclosure).

25 According to the dipole approximation, the DEP force is given by:

See equation 1 ofTable 1.

Here, R is the radius of the particle, which for simplicity is assumed to be

30 spherical, the /cm factor is the Clausius-Mossotti factor, which reflects the frequency-

dependent dielectric polarizability of the particle with respect to its suspending medium,
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and 0)E is the frequency of the AC electrical field. It is understood that in the case of non-

spherical particles and to describe situations in which quadruple and higher order DEP

force components are significant, more comphcated expressions than equation (1) will

apply as is known in the art (see for example the analysis of higher order poles set forth

5 in XJ. Wang a/).

Further background on dielectrophoretic forces may be found in Thomas B.

Jones, "Electromechanics of Particles," Ch. 3 (Cambridge University Press, 1995).

10 2) The magnetophoretic force, Fmap

A particle of volume v and magnetic permeability (i*^ placed into an

inhomogeneous magnetic field will experience a magnetophoretic force

See Equation 2 of Table 1

15

Here, /Us is the magnetic permeability of the suspending medium, R is the radius of

the particle, and the kcm factor is the magnetic Clausius-Mossotti factor describing the

magnetic polarizability of the particle with respect to its suspending medium. Here coh is

the frequency of the applied magnetic field and will have the value 0 for a static field. In

20 analogy with the dielectric equation (1), /4 and jUp are the complex permeabilities of the

suspending medium and particle, respectively. In the case of a static magnetic field,

these reduce to the real, static magnetic permeabiUty parameters jUs and jUp, respectively.

The inventors note that equation (2) is the magnetic analog of dielectric equation

25 (1). Alternately, if the particle has a permanent volume magnetization m, then the

magnetophoretic force will be

See Equation 3 of Table 1

30 It is possible for a particle to have both permanent and inducible magnetic

polarization components. In that case a combination of equations (2) and (3) may apply.
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For example, a particle may have a high permeability and at the same time demonstrate

magnetic remnance.

Further background on magneticophoretic forces may be found in Thomas B.

5 Jones, "Electromechanics of Particles " Ch. 3 (Cambridge University Press, 1995).

3) Spatial variations of electric and magnetic fields

Assume that the inhomogeneous electrical and magnetic fields are created by

applying an alternating voltage to an electrode array and a magnetizing force to a

10 magnetrode array. FIG. 1 represents an electrode array comprising a conductor (e.g., 0.5

|am thick layer of gold) patterned on a non-conducting substrate (e.g., glass). While the

electrode elements (2 and 3) are parallel, fringing effects create spatially inhomogeneous

electrical fields above and below the plane of the electrode elements if an electrical

voltage is appUed between electrode buses 1 and 4. Analysis of the inhomogeneous

15 electrical field above the electrode plane here, as discussed in XJ. Wang et al (Exhibit

C), reveals that the dielectrophoretic force experienced by a particle placed in this

fringing field region will depend upon the distance of the particle from the plane of the

electrodes according to the approximate relationship:

20 See Equation 4 of Table 1

Here Fdepo is a constant for a given applied voltage and given particle properties,

h is the distance of the particle from the electrode plane, and hoEP is a constant that

depends on the geometry of the electrode array.

25

A magnetic analog for this also appHes. If the electrodes 2 and 3 of FIG. 1 are

considered to be magnetrodes (e.g. thin film magnetrodes) instead of electrodes and if a

magnet is connected with poles at buses 1 and 4, then a spatially inhomogeneous

magnetic field will be created above and below the plane of the thin film magnetic

30 elements. A magnetically susceptible (or permanently magnetic) particle placed in the

vicinity of the magnetrode array will experience a magnetophoretic force according to
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equation (2) (or equation (3)). In analogy with the electrical case, the particle will

experience a magnetophoretic force that falls with increasing distance h from the plane of

the plane of the magnetic tracks according to the relationship:

See Equation 5 of Table 1

where Hmap is a decay constant. Here Fmapo is a constant for a given strength of the

magnet applied between the magnetrode buses 1 and 4 and for given magnetic properties

of the particle.

Now consider the case where electrical and magnetic forces are applied

simultaneously. Both electrode and magnetrode arrays may be present simuUaneously on

a supporting substrate. Further, the geometric characteristics of the electrode and

magnetrode arrays may be similar or dissimilar. When geometrical dissimilarity exists,

or other prevailing conditions act to distort the magnetic or electric field with respect to

one another, the value of the parameters Hdep and /?m^p will differ from one another and

the electrical and magnetic forces acting on a particle will exhibit different dependencies

on the particle distance from the plane of the electrodes and magnetrodes.

While magnetophoretic forces are usually positive {i.e. attractive) in sign in

biological labeling applications, conditions may be chosen to make the dielectrophoretic

forces negative in such appUcations. In this case it is possible for the dielectrophoretic

and magnetic forces acting on a particle to oppose one another. If Hdep < ^map in

equations (4) and (5), then it is possible to find a unique value for the distance h from the

electrode and magnetrode plane where the forces balance, using equations (1) and (2) as:

See Equation 6 of Table 1

where Gdep and Gmap are geometrical functions relating to the spatial characteristics of

the electrode and magnetrode elements, Vq is the vohage applied to the electrode buses,

and Bo is the magnetic field appUed to the magnetrode buses. This equation reveals that a
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particle will come to an equilibrium at a height h from the plane of the electrodes and

magnetrodes (assuming these elements are coplanar) when:

See Equation 7 of Table 1

giving h = See Equation 8 ofTable 1

Alternately, if the particles have a permanent magnetic moment or their magnetic

10 moment has reached a saturation value, then the magnetophoretic force described in

equation (3) will fall according to relationship (5) and the decay constant Hmap in

Equation 8A of Table 1

15 will differ from the dielectrophoretic decay constant Hbep, even if the geometry of the

electrode and magnetrode arrays are identical. In this case, equilibrium height is attained

when:

See Equation 9 of Table 1

20 giving h = See Equation 10 of Table 1

In this case the dielectrophoretic and magnetophoretic fields can be generated

from a spatially coincident electrode-magnetrode structure. Note also in this case that

while the dielectrophoretic force depends on the square of the applied voltage, the

25 magnetic force depends linearly on the apphed magnetic field. It is assumed in equation

(10) that the magnetic field, of the magnetic particle remains aligned with the magnetic

field from the magnetrode array. If magnetic particles are unable to fully ahgn in this

way with the applied magnetic field, then the magnetophoretic force will be smaller than

that given by equation (3), as is known in the art. Note also that the height at which DEP

30 and MAP forces balance will be described by an alternative set of equations if the

magnetrodes and electrodes are not coplanar and that alternative equations may be
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derived to describe the dielectrophoretic and magnetophoretic forces for other

configurations of electrodes and magnetic elements. This disclosure is intended to cover

all such cases and the above equations are meant to be for illustrative purposes in

teaching the art.

5 4) Hyperlayer Field Flow Fractionation

A fluid moving under a laminar flow regime through a thin channel assumes a

hydrodynamic flow profile whereby the velocity of the fluid increases with distance from

the channel walls up to a maximum velocity at the center of the channel. If the flow

profile is paraboHc, for example, then the velocity is given by

10

See Equation 11 of Table 1

where h is the distance from the channel wall, D is the height of the channel, and <v> is

the mean velocity of the fluid in the channel.

15

The method of field-flow fractionation (FFF) depends upon positionmg particles

within a hydrodynamic flow profile by one or more applied force fields which

differentially affect particles having different physical properties. Particles positioned at

different heights in a flow profile through the influence of the force fields are carried by

20 the fluid at different speeds and are thereby separated.

The present invention discloses methods by which the positions of particles to be

separated are controlled within a hydrodynamic flow profile by balancmg opposing

dielectrophoretic and magnetic forces. It is understood, however, that gravitational forces

25 may also act on the particles and affect their positions or velocities in the hydrodynamic

flow profile. In such cases, a combination of gravitational, electric and magnetic forces

will determme particle positions and velocities. The effect and use of gravity in DEP-

FFF applications has been described in U.S. Patent Nos. 5,993,630 and 5,888,370 already

incorporated herein by reference.

30
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To exploit DEP and MAP forces for positioning particles, a channel is utilized

that incorporates electrodes and magnetrodes (or permanently magnetic elements) that

generate inhomogeneous electric and magnetic fields within the channel. These fields

create dielectrophoretic and magnetophoretic forces on particles within a carrier fluid

introduced into the channel. The position of the particles with respect to the channel is

influenced by these forces. If the carrier fluid flows through the channel, then the

velocity of the fluid at a given position in the channel will depend upon that position, and

the velocity with which a particle will be carried by the fluid will therefore be influenced

by the effect of the dielectrophoretic and magnetophoretic forces on the particle position.

For example, if a given particle is susceptible to both magnetic and dielectric

forces, its height may be controlled by the balance of dielectrophoretic and

magnetophoretic forces according to equation (8) or equation (10) and the fluid will carry

the particle at a velocity given by equation (1 1). The MAP and DEP forces acting on a

particle 18 and the hydrodynamic flow profile 16 are shown in FIG. 2A. As shown in

FIG. 2A, the dielectrophoretic force 10 opposes the magnetophoretic force 12. Flow

arrow 14 shows the direction of fluid flow within the chamber 20. Further shown in FIG.

2A, is the hydrodynamic profile 16, which in the exemplary embodiment is a parabolic

flow profile. Also shown in the exemplary embodiment of FIG. 2A are electrode

elements 22 and magnetic elements 24. The movement of particles to characteristic

heights is represented in FIG. 2B, in which the fluid flows slowly from left to right. In

practice, larger or similar smaller differences in characteristic heights than those shown in

FIG. 2B may be exploited for analyte discrimination and separation.

Particles possessing similar physical properties will all be positioned at the same

characteristic height in the flow channel and therefore be transported by the fluid at the

same rate. Particles having different physical properties will be positioned at different

characteristic heights where the fluid flow velocity is different. Therefore, they will be

transported through the chamber at different rates. Using this principle, the fractionation

of a mixture of different particle types can be accomplished. For example, if a sample

containing a particle mixture is introduced at one end of such a flow chamber and carried

25042395.1

12



through the chamber by fluid flow, then different particle types will be carried at different

velocities and emerge from the outlet end of the flow chamber at different times where

they may be collected in separate fractions. The time taken for a given particle to travel

from the inlet to the outlet end of the flow channel is known in the art as its "retention

5 time". The present invention concerns the combination of dielectrophoretic,

magnetophoretic and hydrodynamic principles to control the positions and/or retention

times of particles in a channel for the purposes of fractionation, separation, isolation,

identification and characterization of analytes.

10 Dielectric and magnetic properties of particles

The factors influencing the dielectric and magnetic properties of particles are well

known in the art. In the case where the particle is comprised of an analyte-label complex,

it should be appreciated that the properties of the complex will, in general, differ from

those of an uncomplexed analyte or an uncomplexed label. This has important

1 5 impUcations for the discriminating abihty of the invention disclosed herein. Specifically,

it should be recognized that the association of a magnetic label with a non-magnetic

analyte will resuU in a magnetic analyte-label complex that has dielectric properties that

differ from those of either the label or the analyte, and magnetic properties that differ

from those of the analyte.

20

In general, the label and analyte will contribute dielectric and magnetic properties

to the complex that depend on their relative permitivities, permeabilities, volumes, and

influences on the charge distributions of the suspending medium. Because the

separations describe herein depend upon a balance of dielectrophoretic and

25 magnetophoretic forces, analyte-label complexes will therefore usually exhibit elution

characteristics in a DEP-MAP separator that differ from those of labels having no

associated analytes.

The methods according to the present invention therefore allow labels to be

30 discriminated and separated according to their association state with respect to analytes.

For example, cells that have bound different numbers of magnetic labels will exhibit
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different characteristics during separation, allowing for their discrimination,

characterization, and isolation. Therefore, cells having fewer binding sites for antibodies

against EGF receptors may be separated from cells having a greater number of receptors,

for example. As another example, labels that are uncomplexed can be separated from

labels that are associated with cells, particles, molecules and other target analytes.

In addition, "cocktails" consisting of different types of labels may be produced in

which each type of label has a different dielectric and magnetic "fmgerprint". Each type

of label in the mixture may then be independently discriminated, separated, identified,

and characterized accordmg to its respective binding state with a different target analyte.

Such cocktails of labels allow for the simultaneous analysis of multiple analyte targets

within a mixture in a single separation step.

Influence of Gravity

FIG. 2A shows the MAP and DEP forces acting on particles within a separator

and acting to position particles at equilibrium positions (FIG. 2B). It is to be understood

when separations are conducted in a gravitational field, as they are on earth, that a force

of gravity will also act on the particles. The magnitude of this force acting on a particle

is Fsediment
" Vg(dp - ds), whcre V is the particle volume, dp is its density, and ds is the

density of the suspending medium. The direction of the gravitational force with respect

to the force diagram in FIG. 2A will depend upon the orientation of the separator

embodiment with respect to the earth's gravitational field. If the gravitational force has a

component in the same direction as Fmap or Fdepz, then it will also tend to influence the

position of the particle. Therefore, equations (8) and (10) may, in practice, need to be

modified by the addition of a gravitational force term. In addition, if the gravitational

force has a component that acts in or against the direction of fluid flow in FIG. 9A, then

the velocity of the particle given by equation (11) will be modified by the addition of a

sedimentation velocity term. For example, if the gravitational force acts in the direction

of flow, the additional sedimentation velocity component given, by Stoke's law, as

25042395 1
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It is to be understood that these gravitational effects may be eliminated by

appropriate alignment of the separation apparatus with respect to the gravitational field,

or that they may be exploited in order to take advantage of density characteristics of the

5 labels, analytes or analyte-Iabel complexes.

Finally, it should be noted that the electrical fields used to provide the DEP force

are easily switchable and may be customized to particular applications and programmed

during separations to achieve specific desired types of discrimination. The process of

changing the field over time during separation is called programming. Use of

programmability to improve DEP-FFF separations is described in pending U.S. patent

apphcation serial no. 09/249,955, which is expressly incorporated herein by reference. It

is to be understood that the magnetic field may also be programmed to fiirther enhance

the flexibiUty, discrimination and capabilities of the invention disclosed herein.

10

15

Exemplary embodiments

Two exemplary embodiments of separators are described that exploit analyte

positioning by a combination of dielectrophoretic and magnetophoretic forces. In the

first embodiment, which does not exploit the flow velocity profile of the carrier fluid and

20 is suitable for continuous processing of samples, analyte mixtiires may be flowed

continuously through a chamber equipped with arrays of electrodes and magnetrodes.

Analytes are tiien subjected to the combined dielectrophoretic and magnetophoretic

forces resulting from the electric and magnetic fields. Providing they spend sufficient

time within the flow channels, these forces move analytes sufficiently close to

25 characteristic positions in the carrier medium flow profile stream at which the DEP and

MAP forces balance so that they may be identified, separated, or isolated. Therefore,

analytes emerge fi-om the flow channel at positions that depend on their dielectiic and

magnetic characteristics. Different analytes may be characterized or separated according

25042395.1
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to the positions, witli respect to tlie flow channel walls, at which they exit the flow

channel by use of an appropriate arrangement of exit ports.

In the second type of embodiment, in which the flow velocity profile of the carrier

5 fluid is exploited and which is best suited to batch processing of samples, a similar

apparatus and mode of operation is employed, except that the sample analyte mixture is

injected as a single sample that is usually much smaller in volume than the separation

chamber. This ahquot is then carried through the flow channel by a carrier medium.

Again, provided they spend sufficient time in the DEP and MAP fields, analytes move

10 sufficiently close to positions in the carrier fluid flow profile where the DEP and MAP

forces acting on them are balanced so that they may be discriminated or separated.

Because the analytes are then carried at different speeds according to their positions in

the carrier medium flow profile, they emerge from the flow channel at different

characteristic times. It should be understood that a "sufficient time", as used above,

15 means that analytes, labels and analyte-label complexes spend enough time in the MAP

and DEP force fields to move to positions at which they may usefiilly be discriminated,

detected, or separated. In practice, this may be less than the time taken for them to come

to positions where the MAP and DEP forces exactiy balance.

20 Specific aspects of the apparatus for the two embodiments will now be described.

Except for the exit ports, which must be multiple to achieve separation and isolation of

analytes for the continuous mode embodiment, other aspects of tiie two embodiments

may be identical. However, it is to be understood that the embodiment having multiple

outiet ports may also be operated in batch mode.

25

Exemplary electi-ode arrays for dielectrophoretic manipulations are shown in

FIGS. 2 and 3. These are planar arrays consisting of a thin film of conductor, such as

gold or the like, patterned onto a supporting substrate, such as glass or the like. These

arrays may be fabricated by known photolithographic and ebeam patterning techniques.

30 Electrode arrays like these, or of different forms, may be used to provide DEP forces in

the separators disclosed herein. Electrodes may be electroplated, printed, etched or

25042395 1

16



affixed to the chamber walls, or otherwise positioned in or around the flow channel to

create an inhomogeneous electrical field in the flow channel when they are connected to a

signal generator.

5 Exemplary magnetrode arrays for magnetophoretic manipulations may have

similar or different patterns to those shown in FIG. 3. In the magnetic case, the

magnetrodes may consist of thin film metals, alloys, or magnetically susceptible

materials such as magnetic ceramics or ferrites, magnetically susceptible wires, or strips,

wires or other arrangements of permanently magnetic material. These may be attached to

10 the chamber walls or positioned in any location at which they result in the ability to

provide an inhomogeneous electrical field within the flow channel

Exemplary electrode and magnetrode combinations suitable for simultaneously

providing magnetic and electric fields are shown in cross-section in FIGS. 4A-C. FIG.

15 4A shows an exemplary structure in which the electrode and magnetrode elements are

combined. Specifically, FIG. 4A shows electrodes 22 disposed above magnetrodes 24,

which is disposed on structure 26. In alternate embodiments, the magnetrodes 24 may be

placed above electrodes 22. Such a structure may be, for example, lithographically

patterned from a single photo mask. More complex patterning schemes in which the

20 geometry of the magnetrode and electrode elements differ may be fabricated using two or

more patterning masks for photolithography as shown in the example FIG. 4B. As shown

in FIG, 4B, the electrode elements 22 are located adjacent the magnetic elements 24.

Other methods known in the art may be used to create electrode and magnetrode arrays.

It is understood that an additional electrode or electrode array may be incorporated

25 elsewhere in the chamber as illustrated, for example, in FIG. 4C. As shown in FIG. 4C,

in addition to the primary electrode structure 22, a secondary electrode structure 28 is

disposed on an opposing substrate 30. In exemplary embodiments, the secondary

electrode structure 30 may be the same thickness and width as the primary electrode

structure 22, or it may be of different size. Exemplary electrical excitation schemes are

30 shown in FIG. 5.
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Exemplary magnetic field excitation schemes are shown in FIG. 6. Arrays of

permanently magnetic materials taking the forms shown in FIG. 2 or any other form may

also be used to provide the magnetic field in the flow channel without the need for a

external magnet (FIG. 7A). An array of magnetrodes may also be used to introduce

5 inhomogeneity in a magnetic field derived from magnetic poles placed outside the

chamber without the need for a magnetrode pathway to the array as shown in FIG. 7B.

An exemplary embodiment of a separator using the dielectric and magnetic

separation principle for batch mode separation is shown in enlarged form in FIG. 8. FIG.

10 8 shows an enlarged view of a thin chamber I comprised of two sidewalls II and IE that

sandwich a gasket III into which a slot IV has been cut. When assembled, the chamber is

tightly held together by clamping and/or gluing, for example, in such a manner that the

gasket slot becomes the flow channel. An entry port V and exit port VI allow for ingress

and regress of carrier fluid and sample. In practice there may be multiple ports V and VI.

15

In alternate embodiments, the flow channel may be derived from a slot cut

directly into one or both of the side walls by etching, machining, ablation, lithographic

means, or by any other procedures known in the art. Alternately, the flow channel may

be derived from material that is applied to one or both side walls by sputtering, spin

20 coating, printing or thin film deposition, may be cut or formed into the body of the

device, or may be injection molded, produced by any other procedures known in the art.

Arrays of electrodes VII and magnetrodes VIII are present in the flow channel.

These may be within the channel interior itself, be supported by one or more walls of the

25 chamber, or be outside the chamber. Electrical signals are connected from a single

generator IX. A magnetic field is provided from magnet X via buses XI and XII to the

electrodes and magnetrodes, respectively.

A second embodiment for continuous mode separation is shown in FIG. 9. FIG. 9

30 shows an alternate embodiment wherein all elements of the diagram with the exception of

the outlet port VI are the same as described in FIG. 8. In FIG. 9, the ouflet port
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arrangement comprises multiple ports configured so as to collect bands of fluid that travel

through the flow chamber at certain defined distances fi:om the electrode and magnetrode

elements and from the walls of the flow chamber. Specifically, FIG. 9a shows how

carrier fluid traveling through the flow channel at different distances fi-om the flow

5 channel walls can be removed from the flow channel through, for example, six exit ports.

Analytes or labels or analyte-label complexes carried in the carrier medium at different

distances from the chamber floor, at bottom of the diagram, are thereby caused to exit

through different exit ports.

10 Description of batch-mode operation

In an exemplary separation using the batch mode, the following steps are

undertaken:

(1) A sample containing one or more analytes is mixed with labels having

15 dielectric and magnetic properties and binding affinity to one or more types of target

analyte. If desired, labels having distinguishable magnetic and dielectric properties and

binding affinities for different analytes may be used in combination in this step.

(2) After an incubation period that is sufficient to ensure adequate binding

20 between target analytes and labels, a measured aUquot of the analyte/label mixture is

injected into the inlet end of the separation channel.

(3) Magnetic and AC electrical fields are appHed to the magnetrode/electrode

arrays in the separation channel. This step may precede or follow the sample injection

25 step.

(4) Following a suitable relaxation time during which analytes and analyte-label

complexes approach sufficiently close to positions with respect to the electrode and

magnetrode arrays where the MAP and DEP forces balance, flow of carrier medium is

30 initiated at the inlet end of the separation channel.
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(5) The carrier medium establishes a hydrodynamic flow profile within the

separation channel and carries analytes and analyte-label complexes through the

separation channel at velocities depending on their positions with respect to the channel

walls. This position depends upon the applied magnetic and AC electrical fields and

may, in exemplary embodiments, be influenced by the hydrodynamic flow profile and by

gravity.

(6) Different analytes and analyte-label complexes will emerge from the outlet

end of the chamber at different times and may be collected in separate fi-actions or

detected by various measurement methods. Because analyte-label complexes having

similar magnetic and dielectric properties will be positioned similarly by the synergistic

action of the magnetic and dielectric forces acting in the separation channel, they will be

carried at similar velocities by the carrier medium and will emerge together at the channel

outiet in a single elution peak. In contrast, analytes and analyte-label complexes having

different properties will be differentially positioned by the synergistic action of the

magnetic and electric fields, will be carried at different velocities by the carrier medium,

and will emerge from the channel outiet at different times. In this way, a mixture of

analytes may be discriminated and separated temporally into several characteristic peaks

or bands. Either of the exemplary embodiments may be operated in batch mode.

Description of continuous mode operation

(1) A sample containing one or more analytes is mixed with labels having

dielectric and magnetic properties and binding affinity to one or more types of target

analyte. If desired, labels having distinguishable magnetic and dielectric properties and

binding affinities for different analytes may be used in combination in this step. The

mixture is allowed to incubate for sufficient time that adequate binding between target

analytes and labels occurs.

(2) Magnetic and AC electric fields are applied to the magnetiode and electrode

arrays in the separator channel.
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(3) The analyte/label mixture from (1) is continuously injected into the inlet port

of the flow channel.

(4) Carrier medium is withdrawn from multiple exit ports of the separator (see

5 FIG. 9). Different analyte fractions emerge from each port.

In this way a mixture of analytes and analyte-label complexes may be

continuously separated into fractions that emerge from different exit ports.

10 Release of magnetic particles by dielectrophoretic forces

The invention disclosed herein describes methods for analyte, label and analyte-

label complex discrimination that depend upon an interaction (specifically a balance) of

MAP and DEP forces.

15 DEP forces may also be used to overcome a common problem associated with

permanent magnets in magnetic labeling applications. Specifically, current magnetic

separation technologies depend upon the ability to remove the magnetic field in order to

release the magnetic labels and analyte-label complexes after they have been collected.

Magnetic separations are normally accomplished by using a separation chamber or

20 separation column to which a magnetic field is applied by exterior means, such as a

permanent magnet or an electromagnet. After collection of the magnetic labels and

analyte-label complexes, the separation chamber or column must be removed from the

vicinity of the permanent magnet, or the electromagnet turned off, so that the labels and

label-analyte complexes are released. This requirement to remove the magnetic field in

25 order to release the collected analytes precludes the use of permanent magnets or arrays

ofpermanent magnets that are located within the separation chamber itself

The present invention allows this limitation to be overcome. This is because

apparatus according to the present invention allow for the magnetic labels and label-

30 analyte complexes to be repelled from the magnetic elements in the collection chamber
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by DEP forces. For example, FIG. 6A shows a separation chamber having an integral

array of permanent magnets.

Elsewhere in this specification, it is assumed that the DEP force is sufficient to

prevent attachment of the magnetic labels and analyte-label complexes to the

magnetrodes or permanent magnetic elements. However, in an alternate mode of

operation, the DEP force is switched off or kept at a low level while the magnetic field is

present. In the absent of a counterbalancing DEP force, the magnetic labels and analyte-

label complexes are attracted to, approach, and contact the magnetic elements and

become immobilized on them. In this mode of operation, the separation chamber

therefore initially functions like a conventional magnetic separation chamber or column

and retains the labels and analyte-label complexes from the suspending medium.

After collection, however, the DEP force is switched to a sufficiently high level to

repel and dissociate the collected magnetic labels and analyte-label complexes from the

magnetic elements without the need to remove the magnetic field. It should be noted that

the dissociation of the magnetically collected species by the DEP force by raising the

voltage appHed to the electrode array from a small to a high volume over a period of

time, different labels and analyte-label complexes may be released at different times and

may be flushed from the separation chamber and collected in different fractions.

This mode of operation allows permanent magnetic elements to be incorporated

into separation chambers, a feature that is especially useful in microfluidic embodiments.

By allowing the incorporation of permanent magnet elements, the need for more

powerful external magnets is eliminated. Alternately, by eliminating the need to remove

the magnetic field, fixed external magnets may be used if desired.

Exemplary applications

Using apparatus and methods according to the present invention, various matter

may be magnetized. Particularly, with the present invention, discrimination, separation.

25042395 1

22



identification, detection, manipulation and isolation of the following matter may be

accomplished:

(a) cell subpopulations including, for example:

• blood cells in accordance with their antibody and dielectric profiles (such as

CD34+, CD8+, CD4+, CD14+, CD18+, CD5+, etc.);

• rare cells from blood such metastatic cells (such as EGF+, CD5+, epithelial

marker+, etc.);

• target cells from needle biopsies;

• nucleated fetal cells from maternal fluids (such as erythrocytes from maternal

blood, chord blood, amniotic fluid, etc.);

• gram negative from gram positive bacteria;

• parasites and parasitized cells, such as malaria, from body fluids and normal

cells;

• bacteria from blood, urine, saUva, amniotic fluid, needle biopsies;

(b) mycoplasma, fungal, and viral particles subpopulations including those from

blood, urine, saliva, amniotic fluid, needle biopsies;

(c) potentially pathogenic cells, viral particles, mycoplasma, fungal spores,

bacterial spores from the environment for water analysis in public health maintaining

food processing plants, food distribution, restaurants, homes, biowarefare, bioterrorism

detection.

(d) molecular subpopulations including proteins (such as in diagnostics and

prognostics, separations for biotechnology, research, pharmaceuticals);

• nucleic acids (such as in diagnostics and prognostics, biotechnology, gene

therapy, research, pharmaceuticals);

• lipids (such as in diagnostics and prognostics, biotechnology, gene therapy,

research, pharmaceuticals)

• complex molecules (such as in diagnostics and prognostics, biotechnology,

gene therapy, research, pharmaceuticals);

(e) minerals such as for benfication of ores, environmental samples, diagnostic

and prognostic samples (such as deposits, bone, etc.);

(f) for space medicine (gravity-, centrifiige-, large magnet-free separations);
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(g) cellular organelles and other biological structures including,

• nuclei, chromosomes, ribosomes

• mitochondria

• endosomes, blebs, peroxisomes, and other liposomal entities

• membranes associations including endoplasmic reticulum, plasma membrane,

nuclear membrane, viral capsules, bacterial complexes, spore assemblies, etc.;

labels. (For example, different cell subpopulations characterized by different numbers of

EGF receptors may be discriminated by labels modified with monoclonal antibodies for

EGF).

TABLE 1

(1) F^,,=2ns^R'f^{s:,s\,a),)VE{x,y,zf

(2) F^AP='^^MsR'K.iMs^Mp^(OH)^H<<^^y^^y

(3) F^,,^lu,R'm^-H{x,y,z)

(A\ F - F e'^^^^^pV^) ^ DEP ^ DEPo^

^ MAP ^ MAPo^

(6)

and

(h) cells, organelles or other particles with respect to the extent of binding to

(8) giving h =
Ssfcmi^'s'^*p^(^E)GDEpVo

Ms (m] ^Mp^^H )GmaPBI
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(8a)

(9)
^ = h

-h ^

\ ^DEP^MAP J

(10) giving h = KfpKap \ \^^^zfcmi^]A^^E)GoEpyl''PEP"'MAP

V ^DEP ~ ^MAP J1 ^G^ApBo

1 h f h\
5 (11) v(h) = -(v)— 1

All of the compositions and/or methods disclosed and claimed herein can be made

and executed without undue experimentation in light of the present disclosure. While the

compositions and methods of this invention have been described in terms of specific

10 embodiments, it will be apparent to those of skill in the art that variations may be applied

to the compositions and/or methods and in the steps or in the sequence of steps of the

method described herein without departing from the concept, spirit and scope of the

invention. All such similar substitutes and modifications apparent to those skilled in the

art are deemed to be within the spirit, scope and concept of the invention as defined by

15 the appended claims.
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